Introduction
Chemotherapy is widely used in the treatment of different types of cancers. However, the efficiency of chemotherapy is usually limited by the resistance of cancer cells to the drugs used in the treatment. 1 Drug resistance occurs due to the tolerance of a disease to drug treatments, which leads to poor treatment efficiency. 2 Two main types of drug resistance in chemotherapy have been identified: intrinsic and acquired. The intrinsic resistance, which is caused by preexisting resistance factors, exists before the drug treatment, while the acquired resistance develops during the treatment due to the mutations induced by the drug or the activation of compensatory signaling pathways. 3 Breast cancer, which affects millions of women worldwide, is the most common cancer type in women. 4 Studies have proved that about half of the patients with breast cancer failed to respond to initial drug treatments possibly due to the intrinsic resistance. 5 Even worse, most of the breast cancer patients develop a resistance after the drug treatment, leading to the development of aggressive malignancies. 6, 7 In view of the negative effects of drug resistance on the treatment of various human diseases including breast cancer, [8] [9] [10] it will be of great clinical value to identify new molecular targets to overcome drug resistance, so as to enhance the treatment efficiency of chemotherapy.
It has been well accepted that the growth, development, invasion, and metastasis of a tumor are closely related to the microenvironment and metabolism. 11 Previous studies have shown that water molecules play pivotal roles in the development of malignant epithelial tumors, 12 providing a new strategy for the treatment of cancer. Aquaporins (AQPs) are water channel proteins responsible for the transportation of water molecules. 13 The expression levels of AQPs have been shown to be altered in various tumor tissues. One of the AQPs, AQP-5, was shown to be overexpressed in pancreatic cancer tissue and is believed to be involved in the proliferation of tumor cells.
14 AQP-5 knockout was found to be able to reduce the volume of liquid secreted from different tissues, so as to increase the protein and salt concentration, 15 indicating that AQP-5 can change the microenvironment and metabolism of the tumor cells. In addition, it has been reported that AQP-5 silencing can improve drug resistance in colon cancer cells by suppressing p38 MAPK signaling. 16 So, it is reasonable to hypothesize that AQP-5 may also play pivotal roles in drug resistance in breast cancer cells.
In our study, the effects of AQP-5 on drug resistance in breast cancer cells were investigated through the establishment of adriamycin (ADR)-resistant breast cancer cell line MCF-7 (MCF-7/ADR) and the downregulation of AQP-5 by siRNA interference in both MCF-7 and MCF-7/ADR. The original MCF-7 cells were used as drug-sensitive cell line (MCF-7/S). We found that the expression level of AQP-5 was increased in MCF-7/ADR cells compared with that in MCF-7/S cells. In addition, AQP-5 silencing significantly inhibited the proliferation and induced the apoptosis of MCF-7/ADR cells. So, we believe that inhibition of AQP-5 expression may reverse the drug resistance and increase the chemosensitivity of breast cancer cells to ADR.
Materials and methods cell culture
MCF-7 cells (ATCC, Manassas, VA, USA) were cultured in DMEM containing 10% FBS and 0.1% penicillinstreptomycin (Gibco ® ; Thermo Fisher Scientific, Waltham, MA, USA). The cell culture was performed in an incubator (37°C, 5% CO 2 ). The ADR-resistant cell line MCF-7/ADR was established by gradually increasing the concentration of ADR (Shenzhen Zhijun Pharmaceutical Co., Ltd., Shenzhen, People's Republic of China). Then, the concentration of ADR was maintained at 1 μg/mL. ADR treatment was stopped 2 weeks before the experiment. The original MCF-7 cells were used as drug-sensitive cell line (MCF-7/S).
MTT assay
The experimental groups were as follows: MCF-7/ADR cells, MCF-7/S cells, MCF-7/ADR cells treated with different concentrations of ADR, and MCF-7/S cells treated with different concentrations of ADR.
The resistance of MCF-7/ADR and MCF-7/S cells was determined by the conventional MTT reduction assay. The cells were collected at logarithmic growth phase after digestion with 0.25% trypsin (Thermo Fisher Scientific) and resuspended, and the cell density was adjusted to 1 × 10 4 cells/mL. Then, 100 μL cells/well were inoculated into a 96-well plate (Corning, Corning, NY, USA). After 24 h, ADR at different concentrations (0.1, 0.2, 0.3, 0.4, and 0.5 mg/mL) was added, and the cells were cultured at 37°C with 5% CO 2 
aQP-5 sirna transfection
The experimental groups were as follows: MCF-7/ADR control cells, MCF-7/ADR cells transfected with negative control (NC)-siRNA, and MCF-7/ADR cells transfected with AQP-5 siRNA.
Sense primer 5′-AAAACTCTGCGAACACGGCCCCT GTCTC-3′ and antisense primer 5′-AAGGCCGTGTTCGC AGAGTTCCTGTCTC-3′ were used for AQP-5 siRNA transfection to knock down the expression of AQP-5. The primer for NC-siRNA was 5′-GGUCUCACUCCCCAUAGAGTT-3′. MCF-7 cells (4 × 10 5 /well) were inoculated into six-well plates 24 h before transfection. Cells were washed with serumfree and antibiotic-free DMEM before transfection. AQP-5 siRNA and control NC-siRNA were diluted with serum-free and antibiotic-free DMEM and mixed with transfection reagent Lipofectamine™ 2000 (Thermo Fisher Scientific). The transfection was performed by Western blot and reverse transcription PCR (RT-PCR), respectively.
rT-Pcr
The expression of AQP-5 mRNA was measured by RT-PCR. Total RNA was extracted using Trizol kit (Thermo Fisher Scientific), according to the instructions. The RNA samples were quantified by UV spectrophotometry, and reverse transcription was performed according to the instructions. The following primers were used for PCR: 5′-TGAACGGGAAGCTCACTGG-3′ (sense) and 5′-GCTTCACCACCTTCTTGATGTC-3′ (anti-sense) for GAPDH; 5′-TGTGCTCCCTTGCC TTCT-3′ (sense) and 5′-AGTAATGGCTGGATTGATGTG-3′
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effect of aQP-5 silencing on chemosensitivity (anti-sense) for AQP-5. PCR was performed as follows: 95°C pre-denaturation for 10 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and then 10 min at 72°C. After PCR, 10 μL of the product was subjected to agarose gel electrophoresis, and Bio-Rad Imager (Bio-Rad, Hercules, CA, USA) was used to take photos and analyze data. The AQP-5 mRNA expression level was measured by the ratio of value of AQP-5 to that of GAPDH.
Detection of the chemosensitivity of the cells to aDr
The experimental groups were as follows: MCF-7/ADR cells, MCF-7/ADR cells transfected with NC-siRNA, and MCF-7/ ADR cells transfected with AQP-5 siRNA.
Forty-eight hours after transfection, the transfected and untransfected cells were plated and cultured overnight, and the original medium was removed. The cells were mixed with medium containing same concentrations of ADR in 96-well plates (three repeats for each group), followed by incubation for another 48 h. The absorbance at 450 nm was then measured with a CCK-8 kit (TOYOBO, Osaka, Japan) and by an enzymelabeled meter (PerkinElmer, Waltham, MA, USA). The cell growth inhibition rate and IC 50 of ADR were calculated.
cell invasion
The experimental groups were as follows: normal MCF-7/ ADR cells, MCF-7/ADR cells transfected with AQP-5 siRNA, MCF-7/ADR cells treated with ADR, and MCF-7/ ADR cells transfected with AQP-5 siRNA and treated with ADR.
Cell invasion experiments were performed using Corning™ BioCoat™ Matrigel™ Invasion Chamber (Corning). For this, 500 μL serum-free DMEM preheated at 37°C was added to the invasion chamber. The cells were collected 24 h after transfection. After digestion, the cells were resuspended in serum-free DMEM. The cell density was adjusted to 2.5 × 10 5 cells/mL, and 200 μL cell suspension was added to the chamber. DMEM (600 μL) containing 10% FBS was added to the 24-well plate in the lower part of the chamber. After 24 h of routine culture, cotton swabs were used to remove the cells that failed to pass through the membrane. The membrane was fixed in 4% paraformaldehyde for 15 min, followed by 0.1% crystal violet staining for 15 min. After washing, the membrane was air-dried and observed under an inverted microscope (Olympus, Tokyo, Japan). Five high-power fields (×100) were randomly selected, and the invasion ability was measured by the number of the cells passed through the membrane.
cell migration
Cell migration was measured by wound healing assay. The cells were collected at logarithmic growth phase after digestion with 0.25% trypsin (Thermo Fisher Scientific) and resuspended, and the cell density was adjusted to 3 × 10 5 cells/mL. The cells were inoculated into a six-well plate (Corning). After the cell layer reached confluence, a 100 μL tip was used to scratch the cells. The cell culture medium was removed, and the cells were washed with PBS. The cell migration was recorded at 0 and 24 h after scratching. Image-ProPlus 6.0 software was used to measure the width of the wound to calculate cell migration rate.
Apoptosis detection by flow cytometry
The experimental groups were as follows: normal MCF-7/ ADR cells, MCF-7/ADR cells transfected with AQP-5 siRNA, MCF-7/ADR cells treated with ADR, and MCF-7/ADR cells transfected with AQP-5 siRNA and treated with ADR.
Apoptosis was detected by Annexin V-PI apoptosis detection kit (BD Pharmingen™; BD, Franklin Lakes, NJ, USA). The treated cells were collected in a centrifuge tube and washed with precooled PBS. After centrifugation at 1,500 rpm for 5 min, the cells were resuspended with 200 μL PBS. After incubation with Annexin V for 5 min, PI was added followed by incubation for another 5 min, and then the flow cytometry was performed to detect the apoptosis.
Western blot
Protein was extracted from the cells of each group, and protein concentration was measured by BCA method. The protein samples were subjected to SDS-PAGE and transferred to PVDF membrane (EMD Millipore, Billerica, MA, USA) for 2 h. After washing, TBST solution containing 5% skim milk powder was used to block the membrane for 1 h. The primary antibodies of AQP-5 (Cell Signaling, Danvers, MA, USA), P-gp (Cell Signaling), GST-π (Cell Signaling), caspase-3 (Cell Signaling), caspase-9 (Cell Signaling), cleaved PARP (Cell Signaling), and β-actin (Cell Signaling) were diluted to appropriate concentration and then were incubated with the membrane overnight at 4°C. Then, the membrane was washed, and secondary antibody (Santa Cruz, Dallas, TX, USA) was added and incubated for 1 h at room temperature. After washing, the ECL luminescent substrate was added, submit your manuscript | www.dovepress.com
Dovepress
statistical analysis SPSS 18.0 (SPSS Inc., Chicago, IL, USA) was used to analyze the data. All the data were expressed as mean ± SD and analyzed by one-way ANOVA followed by LSD post test. A p-value less than 0.05 was considered to be statistically significant. Figure 3 ). No significant difference was found in the expression of AQP-5 between the MCF-7/ADR cells transfected with NC-siRNA and the control cells without transfection at both protein and mRNA levels ( p . 0.05; Figure 3 ). effects of aQP-5 silencing by sirna interference on the chemosensitivity of McF-7/aDr CCK-8 kit was used to detect the response of cells to different concentrations of ADR to reflect the chemosensitivity. As shown in Figure 4 , the inhibitory rate was significantly higher in the AQP-5 siRNA group than in the MCF-7/ADR control group when the same concentration of ADR was applied to the cells, and the NC-siRNA did not notably affect the chemosensitivity of the MCF-7/ADR cells. The IC 50 value of the resistant cell line (MCF-7/ADR) against ADR decreased from 65.6 to 19.9 μg/mL after AQP-5 siRNA interference ( p , 0.05).
Results
aQP-
The results of chemosensitivity test confirmed that inhibition of AQP-5 expression can reverse the resistance of breast cancer cells to ADR and reduce the IC 50 value of MCF-7/ ADR to ADR. Therefore, we used Western blot to detect the expression levels of drug resistance-related protein in MCF-7/ADR after AQP-5 silencing. As shown in Figure 5 , the expression levels of P-gp and GST-π were significantly increased in MCF-7/ADR compared with those in MCF-7/S ( p , 0.05; Figure 5 ). However, the expression levels of P-gp and GST-π were significantly reduced in MCF-7/ADR after AQP-5 silencing ( p , 0.05; Figure 5 ).
effects of aQP-5 silencing by sirna on invasion
As shown in Figure 6 , compared with MCF-7/ADR cells (164.00 ± 6.48), the cell invasion ability of MCF-7/ADR 
MCF-7/S M CF-7/ADR
β-Actin
OncoTargets and effects of aQP-5 silencing by sirna on aDr-induced apoptosis
The results of flow cytometry showed that the apoptosis rate of normal MCF-7/ADR cells was 3.5%, which was significantly lower than that of MCF-7/ADR cells transfected with AQP-5 siRNA (14.2%, p , 0.05; Figure 8 ). The apoptosis rate of MCF-7/ADR cells after ADR treatment was 18.6%, while after downregulating AQP-5 expression by siRNA transfection, the apoptosis rate induced by ADR in MCF-7/ ADR cells increased to 37.9% ( p , 0.05 vs MCF-7/ADR group; Figure 8 ).
inhibition of aQP-5 expression activates caspase-dependent apoptosis in McF-7/ aDr cells
The results of flow cytometry showed that the ADR-induced apoptosis was significantly increased by AQP-5 silencing. So, we detected the expression of apoptosis-related proteins by Western blot. As shown in Figure 9 , the protein levels of caspase-3, caspase-9, and cleaved PARP were all significantly higher in the MCF-7/ADR cells transfected with AQP-5 siRNA than those in MCF-7/ADR cells ( p , 0.05). 
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Control NC-siRNA AQP-5 siRNA The differences in the protein levels of caspase-3, caspase-9, and cleaved PARP were also found to be higher in the MCF-7/ADR cells transfected with AQP-5 siRNA and treated with ADR ( p , 0.05; Figure 9 ).
Discussion
It has been reported the expression of AQP-5 is usually altered in tumor tissue and the altered expression of AQP-5 plays pivotal roles in the proliferation and differentiation of cancer cells, indicating that AQP-5 may be important for cancer development. [17] [18] [19] For example, increased expression level of AQP-5 was found in lung cancer tissues as compared with normal tissues, and the increased AQP-5 expression was closely related to poor prognosis. 20 In our study, the expression level of AQP-5 in ADR-resistant breast cancer cell line MCF-7 was significantly higher than that in normal MCF-7 cells ( p , 0.05; Figure 1) , and MCF-7/ADR cells were resistant to ADR (Figure 2 ). In addition, with the successfully established AQP-5 siRNA interference line (Figure 3) , the inhibitory effect of ADR treatment on different groups of cells with different expression levels of AQP-5 was detected. We found that the inhibition rate was significantly higher in the MCF-7/ADR cells transfected with AQP-5 siRNA than in the MCF-7/ADR cells when the same concentration of ADR was applied to the cells, and the IC 50 value of the resistant cell line (MCF-7/ADR) against ADR decreased from 65.6 to 19.9 μg/mL after AQP-5 silencing (Figure 4 ). Our data suggested that AQP-5 is not only correlated with the development of cancer but also positively related to the development of drug resistance.
P-gp and GST-π are drug resistance-related proteins. P-gp protein, which is encoded by MDR1, can target structurally unrelated chemotherapeutic agents such as Etopo-side, ADR, and Taxol. 21 As a member of glutathione-S-transferase family, GST-π can inactivate cytotoxic drugs. 22 In our study, the expression levels of P-gp and GST-π in MCF-7/S cells, MCF-7/ADR cells, and MCF-7/ADR cells transfected with AQP-5 siRNA were detected by Western blot. We found that the expression levels of GST-π and P-gp were significantly increased in MCF-7/ADR than in MCF-7/S ( p , 0.05; Figure 5 ), indicating the important function of P-gp and GST-π in the resistance of MCF-7 to ADR. However, the expression levels of P-gp and GST-π were significantly decreased in MCF-7/ADR cells with AQP-5 silencing compared with those in normal MCF-7/ADR cells ( p , 0.05; Figure 5 ). Our data suggested that AQP-5 can be involved in the development of drug resistance by regulating the expression of drug resistance-related genes. Transfection with AQP-5 siRNA can inhibit the invasion and migration of MCF-7/ADR cells (Figures 6 and 7) . Previous studies have shown that AQP-5 plays pivotal roles in the apoptosis of various cell types. 23, 24 It has been reported that AQP-5 was associated with antiapoptosis in the development of tumor. 25 Similar results were found in our studythe apoptosis rate of normal MCF-7/ADR cells was 3.5%, which was significantly lower than that of MCF-7/ADR cells transfected with AQP-5 siRNA (14.2%, p , 0.05; Figure 8 ). After treatment with ADR, the apoptosis rate of MCF-7/ ADR cells was 18.6%, while after downregulating AQP-5 expression by siRNA transfection, the apoptosis rate induced by ADR in MCF-7/ADR cells increased to 37.9% ( p , 0.05 vs MCF-7/ADR group; Figure 8 ). These data suggested that AQP-5 can inhibit the apoptosis of breast cancer cells, thus improving the development of tumor.
Caspase-3 and caspase-9 play pivotal roles in apoptosis. Caspase-3, which can be activated by caspase-9, is a key executor of apoptosis. 26 PARP is responsible for DNA 
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effect of aQP-5 silencing on chemosensitivity repair and programmed cell death. 27 PARP can be cleaved by caspase-3 to form the inactivated form of PARP, cleaved PARP, which is a marker for apoptosis. In our study, the protein levels of caspase-3, caspase-9, and cleaved PARP were detected in MCF-7/ADR cells and MCF-7/ADR cells transfected with AQP-5 siRNA with and without ADR treatment. We found that the levels of caspase-3, caspase-9, and cleaved PARP were all significantly higher in MCF-7/ ADR cells transfected with AQP-5 siRNA and treated with ADR than those in MCF-7/ADR cells ( p , 0.05; Figure 9 ). The levels of the three abovementioned proteins were also found to be higher in the cells with AQP-5 knockout than those in MCF-7/ADR cells after ADR treatment ( p , 0.05; Figure 9 ). In addition, the apoptosis rate of MCF-7/ADR cells transfected with AQP-5 siRNA and treated with ADR was significantly higher than that of the MCF-7/ADR cells with each treatment alone ( p , 0.05; Figure 9 ). Our data suggested that AQP-5 siRNA can activate caspase-dependent apoptosis in MCF-7/ADR cells to promote apoptosis.
Conclusion
The expression level of AQP-5 in MCF-7/ADR cells was significantly higher than that in MCF-7/S cells. AQP-5 silencing by siRNA interference can significantly inhibit the proliferation and induce the apoptosis of MCF-7/ADR cells and can reverse the drug resistance of MCF-7/ADR cells to ADR, thus increasing the chemosensitivity. So, we believe that inhibition of AQP-5 expression may reverse the drug resistance and enhance the chemosensitivity of breast cancer cells.
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